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semiconductor layer including an i-type second oxide semi-
conductor is provided in contact with the other surface. The
energy difference between a vacuum level and a Fermi level
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region in the vicinity of the junction surface with the second
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a high mobility; accordingly, a large amount of current can
be extracted.
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1
FIELD EFFECT TRANSISTOR

TECHNICAL FIELD

The present invention relates to a field effect transistor
(FET) including an oxide semiconductor.

BACKGROUND ART

A field effect transistor (FET) is a device in which regions
called a source and a drain are provided in a semiconductor,
each of the regions is provided with an electrode, potentials
are supplied to the electrodes, and an electric field is applied
to the semiconductor with the use of an electrode called a
gate through an insulating film or a Schottky barrier so that
the state of the semiconductor is controlled, whereby current
flowing between the source and the drain is controlled. As
the semiconductor, Group IV elements (also referred to as
Group 14 elements) such as silicon and germanium, Group
III-V compounds such as gallium arsenide, indium phos-
phide, and gallium nitride, Group II-VI compounds such as
zinc sulfide and cadmium telluride, and the like can be
given.

In recent years, FETs in which oxides such as indium
oxide (Patent Document 1), zinc oxide (Patent Documents 2
and 4), and an indium gallium zinc oxide-based compound
(Patent Document 3) are used as semiconductors have been
reported. In a FET including such an oxide semiconductor,
relatively high mobility can be obtained, and such a material
has a wide bandgap of greater than or equal to 3 eV;
therefore, application of the FET including an oxide semi-
conductor to displays, power devices, and the like is exam-
ined.

To be specific, it is reported that the field effect mobility
of a FET including zinc oxide or an indium-gallium-zinc-
oxide-based compound is 20 cm?*/Vs at most, while the field
effect mobility of a FET including indium oxide as a main
component is 50 cm?/Vs or higher. It is empirically clear that
a higher field effect mobility can be obtained with a higher
ratio of indium in an oxide.

In general, an oxide semiconductor including zinc or
indium as a main component (here, “the main component”
refers to an element accounting for 50 at. % or more of all
elements having an atomic number of 11 or more in the
oxide semiconductor) and showing a p-type conductivity has
not been reported so far. Accordingly, a FET using a PN
junction like a FET including silicon has not been reported.
As disclosed in Patent Documents 1 to 4, a metal-semicon-
ductor junction in which a conductive electrode is in contact
with an n-type or i-type (in this specification, “an i-type
semiconductor” refers to a semiconductor having a carrier
concentration of lower than or equal to 1x10**cm?) oxide
semiconductor has been used for forming a source and a
drain.

FIG. 7A illustrates an example of a conventional FET
including an oxide semiconductor. Here, a gate insulating
film 14 is provided in contact with one surface of a semi-
conductor layer 11 including an oxide semiconductor, and a
gate 15 is provided over the gate insulating film 14. A source
electrode 13a and a drain electrode 135 are provided on the
other surface of the semiconductor layer 11.

The thickness of the semiconductor layer 11 has not been
particularly considered in many cases. In addition, as a
material of the gate insulating film 14, silicon oxide, silicon
nitride, or the like has been used, and the thickness of the
gate insulating film 14 has not been considered particularly
as well. A material of the source electrode 13a and the drain
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electrode 135 has not also been considered particularly, and
titanium, molybdenum, and the like have been reported.

In practice, a protective insulating film 16 is provided in
contact with the semiconductor layer 11 as illustrated in FIG.
7B. As a material of the protective insulating film 16, a
material that can be used as a material of the gate insulating
film 14 is used.

In a FET, it is generally preferable that an ohmic contact
is formed in a contact portion between a source electrode
and a semiconductor layer or a contact portion between a
drain electrode and a semiconductor layer. For this purpose,
the material of the source electrode 13a and the drain
electrode 135 is preferably a material having a work func-
tion lower than the electron affinity of an oxide semicon-
ductor that is used for the semiconductor layer 11. For
example, work functions of titanium and molybdenum are
lower than the electron affinity of indium oxide (approxi-
mately 4.8 eV) and thus preferable in terms of forming an
ohmic contact.

Further, in portions where the metal is in contact with the
semiconductor layer 11, electrons are injected from the
metal to the semiconductor layer 11, so that the concentra-
tion of electrons in the semiconductor layer 11 is increased,
which couples regions having high electron concentration
together particularly in the case of a short-channel FET
having a channel length (the distance between the source
electrode 13a and the drain electrode 135) of 0.3 um or less,
and is a factor of a reduction of FET characteristics (e.g., a
negative shift of the threshold voltage, an increase in S
value, and a phenomenon in which current flows between a
source and a drain in an off state (off-state current)).

In a FET in which a source and a drain are formed using
a metal-semiconductor junction, a higher carrier concentra-
tion of a semiconductor causes a larger off-state current. In
other words, even when the source-gate voltage (hereinafter
referred to as a gate voltage) is 0 V, a substantial amount of
current (hereinafter referred to as a drain current) flows
between the source and the drain (this FET characteristic is
called “normally on”). For this reason, it is expected that the
off-state current is reduced by reducing the concentration of
carriers in the semiconductor so that the semiconductor is
formed to be an i-type semiconductor and that the drain
current at a gate voltage of 0 V is 1x10™° A or lower,
preferably 1x107'2 A or lower, and further preferably 1x10~
15 A or lower.

However, oxygen deficiency is likely to be caused in
indium oxide or an oxide semiconductor including indium as
a main component, and it has been difficult to set the carrier
concentration to 1x10'%cm® or lower. Accordingly, a FET
including an oxide semiconductor including indium as a
main component has high mobility but is normally on, and
this tendency becomes more significant as the concentration
of indium becomes higher. For example, in the case of using
indium oxide, the drain current cannot be 1x10~° A or lower
unless the gate voltage is set to be =10 V or lower.
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[Patent Document 4] United States Patent Application Pub-
lication No. 2009/0283763

DISCLOSURE OF INVENTION

The present invention achieves at least one of the objects
described below. An object is to provide a FET which
includes an oxide semiconductor including indium as a main
component and has a high mobility and a normally off
characteristic (the threshold voltage is O V or higher) or a
characteristic close to the normally off characteristic.
Another object is to provide a FET including an oxide
semiconductor in which the percentage of indium to all
elements other than oxygen is 50% or more and preferably
75% or more and having a normally off characteristic or a
characteristic close to the normally off characteristic.
Another object is to provide any one of the followings: a
novel FET having a metal-semiconductor junction and
including indium as a main component, a novel semicon-
ductor device having a metal-semiconductor junction and
including indium as a main component, a manufacturing
method ofthe novel FET, and a manufacturing method of the
novel semiconductor device.

Note that the description of these objects does not disturb
the existence of other objects. Note that one embodiment of
the present invention does not necessarily achieve all the
objects listed above. In addition, other objects will be
apparent from and can be derived from the description of the
specification, the drawings, the claims, and the like.

The present invention will be described below; terms used
in this specification are briefly explained. Terms which are
not defined in this specification (including terms used for
science and technology, such as technical terms or academic
terms) can be used as the terms having meaning equal to
general meaning that an ordinary person skilled in the art
understands. It is preferable that terms defined by diction-
aries or the like be construed to have meanings consistent
with the background of related art. One embodiment of the
present invention should not be construed as being limited
by the technical terms.

As for a source and a drain of a FET in this specification,
a terminal supplied with a higher potential is referred to as
a drain and the other terminal is referred to as a source in an
n-channel FET, and a terminal supplied with a lower poten-
tial is referred to as a drain and the other terminal is referred
to as a source in a p-channel FET. In the case where the same
potential is supplied to the two terminals, one of them is
referred to as a source and the other is referred to as a drain.
In addition, the terms “first electrode” and “second elec-
trode” are used instead of the terms “source electrode” and
“drain electrode” in some cases. In that case, the names are
not changed depending on the level of a potential.

Further in this specification, “a main component” refers to
an element accounting for 50 at. % or more of all elements
having an atomic number of 11 or more in the target object.
For example, in the case of a compound whose nominal
composition formula is represented by GajAl,InO,,N,,
oxygen (O) is the element accounting for the largest portion
of'the compound; however, oxygen has an atomic number of
8 and is not regarded as a main component. Similarly,
nitrogen (N) does not serve as a main component. Gallium
(Ga), aluminum (Al), or indium (In) can serve as a main
component, and the ratio thereof is as follows: Ga:Al:In=3:
2:5. In other words, the percentages of gallium, aluminum,
and indium to the all elements of the possible main com-
ponents are 30 at. %, 20 at. %, and 50 at. %, respectively.
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Therefore, in the above definition, indium is a main com-
ponent and gallium and aluminum are not main components.

The nominal composition ratio, a compound having the
nominal composition ratio, and the nominal chemical for-
mula (or the nominal composition formula) refer to a ratio
of elements that exist in a region, a compound having such
a ratio of elements, and a chemical formula based on such
a ratio of elements, respectively and are not the terms in
consideration of the microscopic or local ratio, the chemical
meaning, stability, and the like. In the above example, those
elements may form a solid solution at the above ratio, or one
molecule of Ga,O;, two molecules of AIN, two molecules of
In,0;, and one molecule of InGaO; may form a mixed
crystal or a mixture.

Note that in this specification and the like, terms such as
“first”, “second”, and “third” are used for distinguishing
various elements, members, regions, layers, and areas from
others. The terms such as “first”, “second”, and “third”
therefore do not limit the number or the order of the
elements, members, regions, layers, areas, and the like.

An embodiment of the present invention is a FET which
includes a first semiconductor layer including a first oxide
semiconductor including indium as a main component, a
second semiconductor layer including an i-type second
oxide semiconductor having a wider bandgap than the first
oxide semiconductor and is provided in contact with one
surface of the first semiconductor layer, a conductive layer
functioning as a gate electrode and adjacent to the other
surface of the first semiconductor layer, and an insulating
layer also functioning as a gate insulating film provided
between the conductive layer and the first semiconductor
layer. An energy difference between a vacuum level of the
second oxide semiconductor and a Fermi level of the second
oxide semiconductor is larger than an energy difference
between a vacuum level of the first oxide semiconductor and
a Fermi level of the first oxide semiconductor.

Another embodiment of the present invention is a FET
which includes a first semiconductor layer including a first
oxide semiconductor including indium as a main compo-
nent, a second semiconductor layer including an i-type
second oxide semiconductor including gallium as a main
component and having a wider bandgap than the first oxide
semiconductor and is provided in contact with one surface of
the first semiconductor layer, a conductive layer also func-
tioning as a gate electrode and adjacent to the other surface
of the first semiconductor layer, and an insulating layer
functioning as a gate insulating film provided between the
conductive layer and the first semiconductor layer.

Another embodiment of the present invention is a FET
which includes a first semiconductor layer including a first
oxide semiconductor including indium as a main compo-
nent, a second semiconductor layer including an i-type
second oxide semiconductor in which the percentage of
gallium to all elements other than oxygen is 80% or more in
contact with one surface of the first semiconductor layer, and
a conductive layer functioning as a gate electrode and
adjacent to the other surface of the first semiconductor layer.
An insulating layer also functioning as a gate insulating film
is provided between the conductive layer and the first
semiconductor layer.

In each of the above embodiments, the thickness of the
first semiconductor layer is preferably more than or equal to
0.1 nm and less than or equal to 100 nm for a reason
described later. The thickness of the second semiconductor
layer is preferably more than or equal to 10 nm and less than
or equal to 100 nm.
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Further, an insulating film which includes an oxide
including aluminum as a main component and having a
bandgap of 8 eV or more may be provided in contact with
a surface of the second semiconductor layer that is opposite
to a surface in contact with the first semiconductor layer.

Further, an insulating film which includes an oxide
including aluminum as a main component and having a
bandgap of 8 eV or more may be provided in contact with
a surface of the first semiconductor layer that is opposite to
the surface in contact with the second semiconductor layer.

As the first oxide semiconductor, an oxide including
indium as a main component can be used. For example, a
material which includes elements selected from indium,
gallium, aluminum, zinc, and oxygen at 90 at. % or more,
preferably 95 at. % or more of the all elements and whose
nominal composition formula is represented by In Ga,Al -
Zn 0O, (here, at+b+c+d=2, a=1, 2.5<e<3.5) may be used.
Note that in order to increase the mobility, the concentration
of indium is preferably high and a is preferably larger than
1.6. For the same purpose, the concentration of gallium is
preferably higher than that of aluminum, and b is preferably
larger than c, further preferably larger than 10c.

As the first oxide semiconductor, an oxide semiconductor
including indium as a main component and including oxy-
gen defects at 1x10'%cm® or more can also be used.

As the second oxide semiconductor, a variety of oxides
can be used. For example, a material which includes ele-
ments selected from indium, gallium, aluminum, zinc, and
oxygen at 90 at. % or more, preferably 95 at. % or more of
the all elements and whose nominal composition formula is
represented by In,Ga,Al Zn, O, (here, a+b+c+d=2, bzl,
2.5<e<3.5) may be used. In order to form the i-type second
oxide semiconductor, the concentration of indium or zinc is
preferably lower than that of aluminum; c is preferably
larger than a, further preferably larger than 10a, and c is
preferably larger than d, further preferably larger than 10d.
In addition, the bandgap of the second oxide semiconductor
is preferably 6 eV or less.

In the case where the first oxide semiconductor and the
second oxide semiconductor are the materials having the
above-described compositions, the bandgap of the second
oxide semiconductor is wider than that of the first oxide
semiconductor.

Further, since the first oxide semiconductor with the
above-described composition is n-type, the Fermi level is
substantially the same level as the bottom of the conduction
band. Therefore, the energy difference between the vacuum
level and the Fermi level is almost the same as the electron
affinity of the first oxide semiconductor.

On the other hand, since the second oxide semiconductor
is i-type, the Fermi level is located substantially midway
between the conduction band and the valence band. In the
case where the first oxide semiconductor and the second
oxide semiconductor are the materials having the above-
described compositions, the following relation is satisfied:
the work function of the second oxide semiconductor is
higher than the electron affinity of the first oxide semicon-
ductor.

In an embodiment of the present invention as illustrated in
FIG. 1A, a first semiconductor layer 1 including the first
oxide semiconductor is sandwiched between a second semi-
conductor layer 2 including the second oxide semiconductor
and an insulating film 4 that also functions as a gate
insulating film. Here, the first semiconductor layer 1 needs
to be in contact with the second semiconductor layer 2. The
first semiconductor layer 1 need not necessarily be in contact
with the insulating film 4, but an effect described later can
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be obtained when the first semiconductor layer 1 is in
contact with the insulating film 4.

Further, the insulating film 4 is sandwiched between a
conductive layer 5 functioning as a gate and the first
semiconductor layer 1 and also functions as a gate insulating
film. In addition, a first electrode 3a and a second electrode
354 functioning as a source and a drain electrode are provided
in contact with the first semiconductor layer 1.

As the first oxide semiconductor and the second oxide
semiconductor, the above-described materials may be used.
The thickness of the first semiconductor layer 1 may be more
than or equal to 0.1 nm and less than or equal to 100 nm, and
the thickness of the second semiconductor layer 2 may be
more than or equal to 10 nm and less than or equal to 100
nm. As the insulating film 4, a material which includes
elements selected from aluminum, boron, nitrogen, and
oxygen at 90 at. % or more, preferably 98 at. % or more of
the all elements and whose nominal composition formula is
represented by Si,Al,B_N O, (here, it is preferable to satisfy
the following relations: 0.9<(4a+3b+3c)/(3d+2e)<1.1, b>a)
may be used; for example, silicon oxide, silicon oxynitride,
aluminum oxide, aluminum oxynitride, aluminum nitride, or
the like may be used. In the case where the first semicon-
ductor layer 1 is in contact with the insulating film 4, it is
preferable to satisfy the following relation: b>5a.

As illustrated in FIG. 1B, the second semiconductor layer
2 may be sandwiched between the first semiconductor layer
1 and an insulating film 6. Here, the insulating film 6 is
preferably in contact with the second semiconductor layer 2.
As the insulating film 6, a material which includes elements
selected from aluminum, boron, nitrogen, and oxygen at 90
at. % or more, preferably 98 at. % or more of the all elements
and whose nominal composition formula is represented by
Si,Al,B.NO, (here, it is preferable to satisfy the following
relations: 0.9<(4a+3b+3¢c)/(3d+2e)<1.1, b>10a, d<Se) may
be used; for example, silicon oxide, silicon oxynitride,
aluminum oxide, aluminum oxynitride, aluminum nitride, or
the like may be used. By using a material satisfying this
condition, the bandgap can be 8 eV or wider.

As illustrated in FIG. 1C, the first semiconductor layer 1
may be sandwiched between a second semiconductor layer
2a and a third semiconductor layer 25 including a third oxide
semiconductor. A point of FIG. 1C different from points of
FIG. 1A is that the third semiconductor layer 25 is inserted
between the first semiconductor layer 1 and the insulating
film 4. Here, the third semiconductor layer 26 need not
necessarily be in contact with the insulating film 4 but needs
to be in contact with the first semiconductor layer 1. As the
third oxide semiconductor, a material suitable as the material
of the second oxide semiconductor may be used, and the
same material as that of the second oxide semiconductor
may be used. Further, the thickness of the third semicon-
ductor layer 25 may be more than or equal to 0.1 nm and less
than or equal to 100 nm, preferably more than or equal to 0.1
nm and less than or equal to 20 nm.

In an embodiment of the present invention as illustrated in
FIG. 2A, the first semiconductor layer 1 including the first
oxide semiconductor is sandwiched between the second
semiconductor layer 2 including the second oxide semicon-
ductor and the insulating film 4 that also functions as a gate
insulating film. Here, the first semiconductor layer 1 need
not necessarily be in contact with the insulating film 4 but
needs to be in contact with the second semiconductor layer
2.

The insulating film 4 is sandwiched between the conduc-
tive layer 5 functioning as a gate and the first semiconductor
layer 1 and also functions as a gate insulating film. In
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addition, the first semiconductor layer 1 is in contact with
regions having a conductivity that is increased by subjecting
the first oxide semiconductor to doping treatment (doped
regions 8a and 8b). The doped regions 8a and 85 are
provided with the first electrode 3a and the second electrode
354 functioning as a source and a drain electrode.

Regions 7a and 76 formed by doping the second oxide
semiconductor are provided in contact with the second
semiconductor layer 2. The above-described materials may
be used as materials of the first oxide semiconductor, the
second oxide semiconductor, and the insulating film 4.
Further, the thickness of the first semiconductor layer 1 and
the thickness of the second semiconductor layer 2 may be in
the above-described respective ranges.

As illustrated in FIG. 2B, the first electrode 3a and the
second electrode 35 may be provided on surfaces of the
doped regions 8a and 84 opposite to surfaces provided with
the insulating film 4. If the doped regions 7a and 76 have
enough conductivity, the first electrode 3a and the second
electrode 35 may be provided in contact with the doped
regions 7a and 7b. Further alternatively, a structure in which
the first semiconductor layer 1 is sandwiched between the
second semiconductor layer 2 and a third semiconductor
layer (not shown) including a third oxide semiconductor
may be employed.

Further alternatively, as illustrated in FIG. 2C, the second
semiconductor layer 2 may be sandwiched between the first
semiconductor layer 1 and the insulating film 6. Here, the
insulating film 6 is preferably in contact with the second
semiconductor layer 2. As the insulating film 6, the above-
described material may be used.

In FIGS. 2A to 2C, the doped regions 7a, 7b, 8a, and 85
need not be provided if a specific condition is satisfied. For
example, as illustrated in FIG. 2D, if the distance x between
the first electrode 3a and the conductive layer 5 (or the
distance between the second electrode 35 and the conductive
layer 5) is 50 nm or less, the doped regions 7a, 7b, 8a, and
8b need not be provided.

The reason why a FET having a normally off character-
istic or a characteristic close to the normally off character-
istic is obtained by employing the above-described struc-
tures will be described with reference to FIGS. 3A to 3C.
First, the junction between the first oxide semiconductor and
the second oxide semiconductor which satisfy the above-
described conditions will be considered. FIG. 3A shows a
state (band diagram) of the first oxide semiconductor and a
state (band diagram) of the second oxide semiconductor
before they are joined together.

In FIG. 3A, the left diagram is a band diagram of the first
oxide semiconductor, and the right diagram is that of the
second oxide semiconductor. The first oxide semiconductor
is typically an n-type semiconductor such as indium oxide,
in which electrons serving as carriers are supplied to the
conduction band, so that the Fermi level is located just
below the conduction band. In the diagram, the energy
difference between the conduction band and the Fermi level
is exaggerated but is actually only several millivolts. It is
analyzed that in some cases the Fermi level may be located
above the bottom of the conduction band. The bandgap of
indium oxide is approximately 3.7 eV.

The second oxide semiconductor is typically an i-type
semiconductor having a wide bandgap, such as gallium
oxide, in which almost no carriers exist, so that the Fermi
level is located substantially midway between the valence
band and the conduction band. It is observed that the
bandgap of single-crystal gallium oxide is 4.8 eV, while the
bandgap of a thin film of amorphous gallium oxide is 4.2 eV.
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Here, the electron affinity (the energy difference between
the vacuum level and the bottom of the conduction band) of
the first oxide semiconductor is required to be higher than
the electron affinity of the second oxide semiconductor.
Preferably, the difference between the former electron affin-
ity and the latter electron affinity is 0.3 eV or more. For
example, the electron affinity of indium oxide is 4.8 eV,
while the electron affinity of single-crystal gallium oxide is
3.5 eV and the electron affinity of amorphous gallium oxide
is 43 eV to 4.5 eV. Thus, the electron affinity of indium
oxide is higher than that of gallium oxide, and the difference
therebetween is 0.3 eV or more.

In addition, the work function of the second oxide semi-
conductor is preferably higher than the electron affinity of
the first oxide semiconductor. Preferably, the difference
between the former work function and the latter electron
affinity is 0.5 eV or more. For example, the work function of
single-crystal gallium oxide is 5.5 eV and the work function
of amorphous gallium oxide is 6.4 eV to 6.6 eV; both are
higher than the electron affinity of indium oxide, and the
difference therebetween is 0.7 eV or more.

When the first oxide semiconductor and the second oxide
semiconductor which have different properties as described
above are joined together, carriers move so as to make the
Fermi levels of the first oxide semiconductor and the second
oxide semiconductor located in the same level; as a result,
the band is bent in a vicinity of the junction as illustrated in
FIG. 3B. In other words, in the vicinity of the junction, the
conduction band of the first oxide semiconductor becomes
apart from the Fermi level and the valence band becomes
closer to the Fermi level. Such a region in a state different
from the original state is called a transition region. At a more
remote place from the junction surface, the band state
becomes closer to that of original characteristics of the first
oxide semiconductor or the second oxide semiconductor.

In FIG. 3B, although the bend of the band is shown by a
straight line only in the transition region, the influence of the
carrier movement in practice reaches a considerable distance
and the bend of the band is not linear. However, properties
are significantly affected in a region near the junction
surface. Thus, semiconductor properties in regions other
than the transition region may be regarded as their original
properties.

The width of the transition region depends on the electron
affinities, the bandgaps, and the dielectric constants of the
first oxide semiconductor and the second oxide semicon-
ductor, the concentration of electrons in the first oxide
semiconductor, and the like. For example, assuming that the
first oxide semiconductor is indium oxide with an electron
concentration of 1x10"%/cm> and the second oxide semicon-
ductor is i-type gallium oxide, a region regarded as a
transition region is a portion within about 50 nm on the first
oxide semiconductor side from the junction surface.

This transition region is formed in the following manner:
electrons in the vicinity of the junction surface in the first
oxide semiconductor move and the electron concentration
therein is reduced, so that the region is depleted. Thus, a
portion close to the junction surface in the transition region
has a low electron concentration and is quasi-i-type. In
addition, since hardly any carriers (electrons) exist in the
second oxide semiconductor, movement of electrons in that
region can be ignored. The bend of the band is caused
mainly in the first oxide semiconductor.

For example, in the example of FIG. 3B, the energy
difference between the bottom of the conduction band of the
first oxide semiconductor and the Fermi level at the junction
surface is approximately 1.3 eV. This energy difference is
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large enough to ignore electrons thermally excited at room
temperature. That is, the electron concentration is extremely
low in the vicinity of the junction surface.

This bend of the band depends on the difference between
the work function of the second semiconductor layer 2 and
the electron affinity of the first semiconductor layer 1. It is
preferable that the difference obtained by subtracting the
latter electron affinity from the former work function be 0.5
eV or more, and further preferable that the difference
between the former work function and the latter electron
affinity be 1 eV or more.

In the case where the electron affinity of the first oxide
semiconductor is higher than the electron affinity of the
second oxide semiconductor, as illustrated in FIG. 3B, a
discontinuous point (a gap or a step) is generated in the
conduction band at the junction surface between the first
oxide semiconductor and the second oxide semiconductor.
This discontinuous point makes it difficult for electrons in
the first oxide semiconductor to move into the second oxide
semiconductor when the first oxide semiconductor is used as
a channel of a FET. Accordingly, in the case where particu-
larly the vicinity of the junction surface in the transition
region is used as a channel, flow of electrons into the second
oxide semiconductor need not be considered.

If it is assumed that a chemical reaction is not caused at
the junction surface of this transition region, it can be
considered that most properties of the first oxide semicon-
ductor including field effect mobility except for low electron
concentration are maintained. Accordingly, in the case of
using a material having high field effect mobility as the first
oxide semiconductor, a characteristic of low electron con-
centration and high field effect mobility in the transition
region can be obtained.

In FIG. 3B, an example in which the first oxide semicon-
ductor has an enough thickness is described. Even if the first
oxide semiconductor is thinned to a thickness that is the
same as or smaller than the thickness of the transition region,
a difference is not made and a quasi-i-type region is formed
in the vicinity of the junction surface.

In other words, by making the thickness of the first oxide
semiconductor the same as or smaller than the thickness of
the transition region, the concentration of electrons in the
first oxide semiconductor can be reduced. In addition, high
field effect mobility originating from the first oxide semi-
conductor can be obtained. Therefore, a FET manufactured
using the above-described structure can achieve a high field
effect mobility and a normally off characteristic or a char-
acteristic close to the normally off characteristic.

FIG. 3C is a schematic band diagram along a cross section
from Point A to Point B in the FET of FIG. 1B. The case to
be described here is a case in which indium oxide is used as
the first oxide semiconductor forming the first semiconduc-
tor layer 1, gallium oxide is used as the second oxide
semiconductor forming the second semiconductor layer 2,
aluminum oxide is used for the insulating film 4 and the
insulating film 6, and tungsten is used for the conductive
layer 5.

As shown in FIG. 3C, even when the first semiconductor
layer 1 is formed using an n-type oxide semiconductor such
as indium oxide, most part of the first semiconductor layer
1 can be a quasi-i-type region. The electron concentration in
the quasi-i-type region is difficult to observe directly but is
calculated to be 1x10*%/cm? or lower. Accordingly, the FET
having such a structure can have a sufficiently high threshold
voltage. In other words, a FET having a normally off
characteristic or a characteristic close to the normally off
characteristic can be obtained.
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With careful attention to FIG. 3C, the bend of the band in
the first semiconductor layer 1 is also observed in the
vicinity of the interface with the insulating film 4. This is
caused for the same reason why the transition region is
generated near the junction surface between gallium oxide
and indium oxide. In a FET having the bend of the band like
this, carriers flow in the vicinity of the bottom of the
conduction band. Accordingly, carriers flow in a portion that
is some distance (typically a distance of more than or equal
to 1 nm and less than or equal to 10 nm) from the interface
between the first semiconductor layer 1 and the insulating
film 4.

In a normal MISFET, a trap level or the like is generated
at an interface between a gate insulating film and a semi-
conductor to reduce FET characteristics; however, the influ-
ence of the interface can be reduced with a structure in
which carriers flow in a portion that is distant from the gate
insulating film (a buried channel structure). For the same
reason, in the FET having the structure whose band diagram
is shown in FIG. 3C, the influence of the interface between
the insulating film 4 and the first semiconductor layer 1 can
be reduced.

This bend of the band depends on the difference between
the work function of the insulating film 4 (since the insu-
lating film 4 is normally regarded as being i-type, the work
function thereof corresponds to the difference between the
vacuum level and the Fermi level) and the electron affinity
of'the first semiconductor layer 1. For causing a bend like the
one shown in FIG. 3C, it is preferable that the former work
function be higher than the latter electron affinity, and
further preferable that the difference between the former
work function and the latter electron affinity be 1 eV or
more.

The electron affinity of n-type indium oxide is approxi-
mately 4.8 eV, while the work function of aluminum oxide
is 5.7 eV and the work function of silicon oxide is 5.1 eV.
Thus, aluminum oxide is more appropriate for the above-
described condition. Further, the work function of amor-
phous gallium oxide is 6.4 eV to 6.6 eV and higher than the
electron affinity of indium oxide by 1.6 eV to 1.8 eV, which
is preferable. Therefore, as illustrated in FIG. 1C, the first
semiconductor layer 1 of indium oxide or the like may be
sandwiched between the second semiconductor layer 2a and
the third semiconductor layer 26 of gallium oxide or the like.

BRIEF DESCRIPTION OF DRAWINGS

In the accompanying drawings:

FIGS. 1A to 1C illustrate examples of a FET of the present
invention;

FIGS. 2A to 2D illustrate examples of a FET of the
present invention;

FIGS. 3A to 3C illustrate a principle of a FET of the
present invention;

FIGS. 4A to 4F illustrate a manufacturing process of a
FET of Embodiment 1;

FIGS. 5A to 5E illustrate a manufacturing process of a
FET of Embodiment 2;

FIGS. 6A to 6D illustrate a manufacturing process of a
FET of Embodiment 3; and

FIGS. 7A and 7B illustrate examples of a conventional
FET.

BEST MODE FOR CARRYING OUT THE
INVENTION

Embodiments will be described below with reference to
drawings. However, the embodiments can be implemented
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in various modes. It will be readily understood by those
skilled in the art that modes and details can be changed in
various ways without departing from the spirit and scope of
the present invention. Therefore, this invention is not inter-
preted as being limited to the description of the embodi-
ments below. Note that in structures of the invention
described below, the same portions or portions having
similar functions are denoted by the same reference numer-
als throughout the drawings, and description thereof is not
repeated.

Embodiment 1

In this embodiment, a manufacturing method of a FET
will be described with reference to FIGS. 4A to 4F. First, as
illustrated in FIG. 4A, a conductive layer 102 is formed over
a substrate 101. A variety of substrates can be given as
examples of the substrate 101, but the substrate 101 needs to
have such a property as to withstand the subsequent treat-
ment. Further, it is preferable that a surface of the substrate
101 have an insulating property. Accordingly, the substrate
101 is preferably an insulator alone; an insulator, metal, or
semiconductor whose surface is provided with an insulating
layer; or the like.

As the insulator, various kinds of glasses, sapphire,
quartz, ceramics, plastics, or the like can be used. As the
metal, aluminum, copper, stainless steel, silver, or the like
can be used. As the semiconductor, silicon, germanium,
silicon carbide, gallium nitride, or the like can be used. In
this embodiment, barium borosilicate glass is used as the
substrate 101.

Part of the conductive layer 102 functions as a gate, and
a material of the conductive layer 102 may be a metal having
a high work function such as platinum, gold, or tungsten.
The conductive layer 102 may include one of the above-
described materials alone or may have a multilayer structure
where a portion in contact with a surface of a semiconductor
layer provided later includes any of the above-described
materials. In this embodiment, a 100-nm-thick tungsten film
is formed by a sputtering method over a 100-nm-thick
titanium film and etched to form the conductive layer 102.

Next, as illustrated in FIG. 4B, an insulating film 103 and
a first oxide semiconductor film 104 are formed. The insu-
lating film 103 also functions as a gate insulating film. For
example, silicon oxide, aluminum oxide, silicon oxynitride,
aluminum nitride, aluminum oxynitride, hafnium oxide,
lanthanum oxide, yttrium oxide, or the like may be used. The
thickness of the insulating film 103 is mainly determined in
consideration of the process circumstances and the voltage
used for the FET but is preferably as small as possible for
obtaining a normally-off FET characteristic or a character-
istic close to the normally-off characteristic. For example,
the thickness may be more than or equal to 10 nm and less
than or equal to 200 nm. A CVD method or a sputtering
method is used as a film formation method of the insulating
film 103; it is preferable to reduce entry of hydrogen into the
film as much as possible.

As a material of the first oxide semiconductor film 104,
indium oxide is used. Of course, a different kind of oxide
semiconductor including indium as a main component may
be used. A film formation method of the first oxide semi-
conductor film 104 may be a sputtering method. Further, it
is preferable to reduce entry of hydrogen into the film as
much as possible. The thickness may be more than or equal
to 10 nm and less than or equal to 50 nm. Note the first oxide
semiconductor film 104 is preferably formed without expo-
sure of a surface of the insulating film 103 to the air in terms
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of improving the cleanliness of an interface between the
insulating film 103 and the first oxide semiconductor film
104.

A second oxide semiconductor film is formed over the
first oxide semiconductor film 104. As a material of the
second oxide semiconductor film, gallium oxide is used. Of
course, a different kind of oxide semiconductor including
gallium as a main component may be used. A film formation
method of the second oxide semiconductor film may be a
sputtering method. Further, it is preferable to reduce entry of
hydrogen into the film as much as possible. By the analysis
of the composition of the gallium oxide film formed by a
sputtering method by Rutherford backscattering spectrom-
etry, such a result that an excessive amount of oxygen exists
in the nominal composition is obtained. That is, in Ga,0;,,,
X is more than or equal to 0.01 and less than or equal to 0.15.

The thickness of the second oxide semiconductor film
may be more than or equal to 10 nm and less than or equal
to 100 nm. A film of a material that can serve as an etching
stopper may be provided over the second oxide semicon-
ductor film. Alternatively, an insulating film serving as an
interlayer insulator may be provided over the second oxide
semiconductor film.

Note that the second oxide semiconductor film is prefer-
ably formed without exposure of a surface of the first oxide
semiconductor film 104 to the air in terms of improving the
cleanliness of an interface between the first oxide semicon-
ductor film 104 and the second oxide semiconductor film.
Further, it is preferable that the insulating film 103, the first
oxide semiconductor film 104, and the second oxide semi-
conductor film be successively formed in terms of improv-
ing the cleanliness of the interfaces therebetween.

Then, the second oxide semiconductor film is selectively
etched to be formed into an island-shaped second semicon-
ductor layer 105. Part of the second semiconductor layer 105
is preferably formed over the conductive layer 102 as
illustrated in FIG. 4C. Although not shown, another part of
the second semiconductor layer 105 may be provided so as
not to overlap with the conductive layer 102. Further, if the
second semiconductor layer 105 is provided in a region
where the conductive layer 102 crosses an upper-layer
wiring, the second semiconductor layer 105 also functions
as an interlayer insulator.

Alternatively, in the case where a thick insulating film is
additionally formed over the second oxide semiconductor
film and left over the second semiconductor layer 105, the
thick insulating film can be used as an interlayer insulator in
a region where the conductive layer 102 crosses an upper-
layer wiring.

The second semiconductor layer 105 also functions as an
etching stopper. Note that an alkaline solution (e.g., an
ammonia peroxide mixture or the like) may be used in
etching of the second oxide semiconductor film. Since the
solubility of indium oxide in an alkaline solution is
extremely low, in the case where indium oxide is used as the
material of the first oxide semiconductor film 104, the
second oxide semiconductor film can be selectively etched.

Then, a conductive film 106 is formed over the first oxide
semiconductor film 104 and the second semiconductor layer
105 (see FIG. 4D). Since the conductive film 106 needs to
function as a source and a drain electrode of a FET later, a
material of the conductive film 106 is selected to fit the
purpose. For example, titanium, molybdenum, titanium
nitride, molybdenum nitride, and tungsten are given. The
conductive film 106 may include one of the above-described
materials alone or may have a multilayer structure where a
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portion in contact with the first semiconductor layer includes
any of the above-described materials.

Then, the conductive film 106 is selectively etched, so
that a conductive layer 106a and a conductive layer 1065 are
formed. This etching may be either wet etching or dry
etching. In either case, it is necessary that the second
semiconductor layer 105 is not excessively etched. For that
purpose, an etching stopper is preferably provided over the
second semiconductor layer 105. At the time of this etching,
the first oxide semiconductor film 104 may be etched.

In the case where the first oxide semiconductor film 104
is not etched in the above etching, etching is continuously
performed using a different etching method or the like. At
this time, such a condition as to make the etching rate of the
first oxide semiconductor film 104 higher than that of the
second semiconductor layer 105 is employed. For example,
if wet etching is employed as this etching, an etchant
containing an oxalic acid or a phosphoric acid may be used.
In this manner, a first semiconductor layer 104a having an
island shape is formed as illustrated in FIG. 4E.

Then, as illustrated in FIG. 4F, an oxide insulating film
107 is formed over an entire surface. As a material of the
oxide insulating film 107, silicon oxide, aluminum oxide,
silicon oxynitride, aluminum nitride, aluminum oxynitride,
hafnium oxide, lanthanum oxide, yttrium oxide, or the like
may be used. The thickness can be more than or equal to 10
nm and less than or equal to 1 pm. In the case where the
oxide insulating film 107 needs to function as a protective
film, it is preferable to form the oxide insulating film 107
thick.

Embodiment 2

In this embodiment, a manufacturing method of a FET
will be described with reference to FIGS. 5A to 5E. As
illustrated in FIG. 5A, a conductive film 202, an insulating
film 203, a first oxide semiconductor film 204, a second
oxide semiconductor film 205, and an oxide insulating film
206 are stacked over a substrate 201. Formation of these
films is preferably performed successively without exposure
to the air on the way in order to keep interfaces of the films
clean. In addition, successive film formation is also effective
in order to make the hydrogen concentration in the multi-
layer films lower than or equal to 1x10"® atoms/cm>, pref-
erably lower than or equal to 1x10' atoms/cm>.

The substrate 201, the conductive film 202, the insulating
film 203, the first oxide semiconductor film 204, the second
oxide semiconductor film 205, and the oxide insulating film
206 may be formed using materials, thicknesses, and for-
mation methods that are described in Embodiment 1 as
being suitable for the substrate 101, the conductive layer
102, the insulating film 103, the first oxide semiconductor
film 104, the second oxide semiconductor film, and the
oxide insulating film 107, respectively.

Then, a resist is applied over the oxide insulating film 206,
and a resist mask 207 having two levels of thicknesses is
formed using a multi-tone mask as illustrated in FIG. 5A.

With the use of the resist mask 207, the conductive film
202, the insulating film 203, the first oxide semiconductor
film 204, the second oxide semiconductor film 205, and the
oxide insulating film 206 are etched, so that a conductive
layer 202a, an insulating layer 203q, a first semiconductor
layer 204a, a second semiconductor layer 2054, and an
oxide insulating layer 2064 are formed (see FIG. 5B). An
anisotropic dry etching method is preferable as this etching,
but a wet etching method or an isotropic dry etching method
may also be used.
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Next, the resist mask 207 is subjected to ashing to be
reduced in thickness, so that a resist mask 207a is formed
(see FIG. 5C).

Then, with the use of the resist mask 2074, the insulating
layer 203a, the first semiconductor layer 2044, the second
semiconductor layer 205q, and the oxide insulating layer
206a are etched, so that an insulating layer 2035, a first
semiconductor layer 2045, a second semiconductor layer
2055, and an oxide insulating layer 2065 which each have
almost the same shape and form an island shape are formed
(see FIG. 5D). As this etching, an anisotropic dry etching
method is preferably used, but a wet etching method or an
isotropic dry etching method may also be used.

The conductive layer 202a need not necessarily be etched;
however, it is difficult to find a condition under which the
conductive layer 202a is not etched at all at the time of the
above-described etching. Accordingly, although the etched
amount varies, the conductive layer 2024 is etched into a
conductive layer 2025 having a surface part of which is
etched. In particular, in the case where a sufficiently high
etching selectivity cannot be obtained, it is preferable to
form the conductive film 202 sufficiently thick. For example,
the thickness of the conductive film 202 may be more than
or equal to 200 nm and less than or equal to 1 pm.

The thickness of the conductive film 202 may be set to be
more than or equal to 50% and less than or equal to 500%
of the sum of the thicknesses of the insulating film 203, the
first oxide semiconductor film 204, the second oxide semi-
conductor film 205, and the oxide insulating film 206. When
the thickness of the conductive film 202 has a sufficient
thickness in this manner, a necessary thickness can be
secured even if overetching is caused to some extent.

In this embodiment, even if the conductive film 202 is
thick, the influence on the shape of a thin film to be stacked
later is small, and there is rather an advantage that the
resistance of the conductive layer 2025 is reduced.

Then, the resist mask 207a is removed. For this removal,
a stripper may be used; the concentration of hydrogen ions
in the selected stripper needs to be appropriate because
gallium oxide has a property of being soluble in an alkaline
solution.

Alternatively, the resist mask 207a may be removed by an
ashing method. In the case of employing an ashing method,
a residue may become a problem. However, in this embodi-
ment, even if a residue is generated, the residue exists over
the oxide insulating layer 2065. Therefore, by making the
oxide insulating layer 2065 sufficiently thick, an influence
on FET characteristics can be reduced. Since the oxide
insulating layer 2065 has a function as an interlayer insulator
as well in this embodiment, it is particularly preferable to
form the oxide insulating layer 2064 thick.

Then, an interlayer insulator 208 having a flat surface is
formed, and the interlayer insulator 208, the oxide insulating
layer 2065, and the second semiconductor layer 2056 are
etched to form an opening reaching the first semiconductor
layer 2045. The opening is provided so as to overlap with the
insulating layer 2035. The opening is preferably provided to
have a perimeter that is 200 nm or more, preferably 1 um or
more away from a perimeter of the insulating layer 20354.

The opening can be formed by either a wet etching
method or a dry etching method. Note that in either case of
etching, the first semiconductor layer 2045 may be chemi-
cally influenced by the etching.

Next, a conductive film is formed and etched into a
desired shape, so that a conductive layer 2094 and a con-
ductive layer 2095 are formed. The conductive film may be
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formed using a material, a thickness, and a film formation
method that are suitable for the conductive film 106 of
Embodiment 1.

Portions in contact with the first semiconductor layer
2045 of the conductive layers 209a and 2095 function as a
source electrode and a drain electrode of a FET. This stage
is illustrated in FIG. 5E. The distance between the portions
in contact with the first semiconductor layer 2045 of the
conductive layers 2094 and 2095 is the channel length of the
FET.

Note that in the case where high temperature treatment of
400° C. or higher is performed after the conductive layers
209a and 2095 are formed, an element included in the
conductive layers 209a and 2096 may diffuse into the first
semiconductor layer 2045 and adversely affect characteris-
tics of the first semiconductor layer 2045. Accordingly, after
the conductive layers 209a and 2095 are formed, it is
preferable to avoid such high-temperature treatment. Note
that since the conductive layers 2094 and 2094 are formed
at the final stage of the manufacturing process of the FET,
high-temperature treatment is hardly necessary after the
formation of the conductive layers 2094 and 2095.

Moreover, in many cases, characteristics of an edge
region (a perimeter region) of the first semiconductor layer
2045 are not preferable. This region often has higher con-
ductivity than the other region and can be a factor of a leak
current in a FET having a shape like the one illustrated in
FIG. 4F. This is because in the FET having the shape like the
one illustrated in FIG. 4F, an edge region of the first
semiconductor layer 104¢ is in contact with the conductive
layer 1064 and the conductive layer 1065 functioning as a
source and a drain electrode.

However, in the FET illustrated in FIG. 5E, the conduc-
tive layers 2094 and 2095 functioning as a source and a drain
electrode do not overlap with the edge region of the first
semiconductor layer 2045 as described above. Therefore, if
the edge region of the first semiconductor layer 2045 has a
high conductivity, a leakage current does not flow between
the conductive layers 209a and 2095. Thus, a FET having a
sufficiently small off-state current can be obtained.

As is clear from FIG. 5E, the first semiconductor layer
2045 is formed over a flat surface. For example, a step of a
semiconductor layer as in the first semiconductor layer 104a
of FIG. 4F affects FET characteristics. Since elements
having such a step are difficult to be formed uniformly, this
may cause a variation in FET characteristics.

For example, in FIG. 4E, the conductive layers 106a and
1065 are provided to be bilaterally symmetrical about the
first semiconductor layer 1044 and the conductive layer 102;
however, it is difficult to form all the elements so as to have
such a shape. Even if a slight parallel displacement of the
conductive layers 106a and 1065 to the right side (or the left
side) in the drawing occurs owing to an error in mask
alignment, positional relations between the conductive lay-
ers 106a and 1065 and a curved portion of the first semi-
conductor layer 104a become different, which may change
characteristics of the FET in some cases. That is, variation
in FET characteristics may arise.

In particular, when the first semiconductor layer contains
a certain crystalline component, the variation tends to be
large. This is because there are large differences in the
crystal orientation, size of crystals, and the like between a
flat portion and a curved portion of the first semiconductor
layer. In the case of indium oxide, such a crystalline com-
ponent is generated even when indium oxide is annealed at
a relatively low temperature.
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By contrast, it is easy to form a flat semiconductor layer
uniformly over a flat surface. Even when a slight parallel
displacement of the conductive layers 209a and 2095 in FIG.
5E to the right side (or the left side) in the drawing occurs
owing to an error in mask alignment, positional relations
between the first semiconductor layer 2045 and the conduc-
tive layers 209a and 2095 are not changed. That is, variation
in FET characteristics is less.

Therefore, variation of characteristics of the FET
described in this embodiment is less than that of the FET
including a large step of a semiconductor layer. Such a FET
is favorably used in a circuit whose variation in threshold
voltage needs to be small.

For example, in an active-matrix organic electrolumines-
cent display device, variation in threshold voltage of driving
transistors is preferably small in order to prevent display
unevenness. In addition, a FET exhibiting high field effect
mobility is preferable as a driving transistor in order to
reduce resistance loss. In order to achieve such objects, a
FET which has the structure illustrated in FIG. 5E and is
manufactured so as to include an oxide semiconductor
including indium as a main component in a semiconductor
layer is suitable. Such a FET exhibits, for example, a field
effect mobility of 50 cm®/ Vs or higher, preferably 70 cm*/Vs
or higher.

Further in this embodiment, the first semiconductor layer
2045 and the insulating layer 2035 are provided over flat
surfaces; there is no need to consider step coverage or the
like of these thin films. Accordingly, the first semiconductor
layer 2045 and the insulating layer 2035 can be made as thin
as possible.

Thinning of the first semiconductor layer 2045 and the
insulating layer 2035 is effective for suppressing a negative
shift of the threshold voltage of the FET and reducing the
off-state current. In particular, in a FET having a channel
length of 0.3 pm or less, the first semiconductor layer 2045
and the insulating layer 2035 are required to be thin.

In order to suppress the negative shift of the threshold
voltage of the FET, the following relation needs to be
satisfied: (the channel length)>5x(the thickness of the first
semiconductor layer 2045+(the thickness of the insulating
layer 2035)x(the dielectric constant ratio)). Here, the dielec-
tric constant ratio is a value obtained by dividing the
dielectric constant of the first semiconductor layer 2045 by
the dielectric constant of the insulating layer 2035.

For example, in the case where the channel length is 0.3
um, the first semiconductor layer 2045 is formed of indium
oxide (dielectric constant: 18) to have a thickness of 30 nm,
and the insulating layer 2034 is formed of silicon oxide
(dielectric constant: 4), the thickness of the insulating layer
2035 needs to be 10 nm or less.

It is difficult to form such a thin film over an uneven
surface with favorable coverage, resulting in yield reduction.
On the other hand, it is easy to form such a thin film over a
flat surface. In this respect, a FET of the structure described
in this embodiment is advantageous.

Note that according to the manufacturing process
described in this embodiment, the number of times of mask
alignment is 2, which is less than that in the method
illustrated in FIGS. 4A to 4F (3 times of mask alignment).
Thus, the manufacturing process described in this embodi-
ment is effective in reducing the possibility of defects caused
by misalignment and improving yields.

Embodiment 3

In this embodiment, a manufacturing method of a FET
will be described with reference to FIGS. 6A to 6D. As
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illustrated in FIG. 6 A, an oxide insulating film 302, a second
oxide semiconductor film 303, a first oxide semiconductor
film 304, and an insulating film 305 are stacked over a
substrate 301. Formation of theses films is preferably per-
formed successively without exposure to the air on the way
in order to keep interfaces of the films clean.

For example, a silicon wafer may be used as the substrate
301, a 200-nm-thick silicon oxide film may be used as the
oxide insulating film 302, a 50-nm-thick gallium oxide film
may be used as the second oxide semiconductor film 303, a
1-nm-thick indium oxide film may be used as the first oxide
semiconductor film 304, and a 2-nm-thick silicon oxide film
may be used as the insulating film 305. The oxide insulating
film 302 may be formed by performing thermal oxidation on
the substrate 301. The second oxide semiconductor film 303,
the first oxide semiconductor film 304, and the insulating
film 305 may be formed by atomic layer deposition (ALD).
These films may be successively formed in a deposition
apparatus.

Then, the second oxide semiconductor film 303, the first
oxide semiconductor film 304, and the insulating film 305
are selectively etched into a second semiconductor layer
303a, a first semiconductor layer 304a, and an insulating
layer 305a.

Further, a film of silicon oxide or the like having a
thickness of more than or equal to 100 nm and less than or
equal to 500 nm is formed as an insulator 306 so as to cover
a perimeter region of the insulating layer 305a. Then, a
conductive layer 307 is formed (see FIG. 5B). A material and
a formation method of the conductive layer 307 may be
determined by reference to the description of the conductive
layer 102 in Embodiment 1. The thickness of the conductive
layer 307 is preferably more than or equal to twice the sum
of'the thickness of the first semiconductor layer 304q and the
thickness of the insulating layer 305a.

Although not shown, the conductive layer 307 climbs
over the insulator 306 in a region over the perimeter region
of the insulating layer 305a. Therefore, the conductive layer
307 is not in direct contact with the first semiconductor layer
304a.

Since the conductive layer 307 serves as a gate of a FET,
the width of the conductive layer 307 determines the channel
length of the FET. Here, the negative shift of the threshold
voltage can be suppressed and off-state current can be
reduced when the width of the conductive layer 307 is 5
times or more, preferably 10 times or more the sum of the
thickness of the first semiconductor layer 304a and the
thickness of the insulating layer 305 multiplied by the
dielectric constant ratio between the first semiconductor
layer 304a and the insulating layer 305a (the dielectric
constant of the first semiconductor layer 304a/the dielectric
constant of the insulating layer 305a).

For example, since the dielectric constant of indium oxide
is approximately 18 and the dielectric constant of silicon
oxide is approximately 4 (these values vary delicately with
the film formation method), the dielectric constant ratio is
approximately 4.5. By using the above-described thick-
nesses in the calculation, the width of the conductive layer
307 is obtained to be preferably 5 times or more, further
preferably 10 times or more of the value obtained by the
following formula: (the thickness of the first semiconductor
layer 304a (1 nm))+(the thickness of the insulating layer
305a (2 nm))x(the dielectric constant ratio (4.5)). That is,
the width of the conductive layer 307 is preferably more than
or equal to 50 nm, and further preferably more than or equal
to 100 nm.
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As is apparent from the above-described calculation, the
width of the conductive layer 307 can be small if a high
dielectric constant material is used for the insulating layer
305a. For example, the width of the conductive layer 307
can be set to 10 nm or more, preferably 20 nm or more if a
material having a dielectric constant of approximately 30
such as hafnium oxide is used as a material of the insulating
layer 305a.

Unlike a normal MOSFET in which a silicon semicon-
ductor is used, even in the case where a different kind of
material such as hafnium oxide is formed in contact with an
oxide semiconductor including indium as a main compo-
nent, FET characteristics are little affected by a defect level
at an interface between the first semiconductor layer 304a
and the insulating layer 305q. In particular, in the case of
using hafnium oxide, since the work function thereof (5.7
eV) is higher than the electron affinity of indium oxide (4.8
eV), the band of indium oxide is bent and a buried-channel-
like shape is obtained. Accordingly, the influence of the
interface between the first semiconductor layer 304a and the
insulating layer 305a becomes less.

Next, irradiation with ions having a high reducing prop-
erty is performed (see FIG. 6C). The peak of ion energy at
this time may be set to be positioned between the interface
of the first semiconductor layer 304a and the second semi-
conductor layer 3034 and the interface of the second semi-
conductor layer 303a¢ and the oxide insulating film 302.
Under this condition, ions do not pass through the conduc-
tive layer 307; accordingly, ions are introduced into the first
semiconductor layer 304a and the second semiconductor
layer 303a in a self-aligned manner using the conductive
layer 307 as a mask.

If ions having a high reducing property are introduced
into an oxide semiconductor including indium oxide as a
main component, the ions are combined with oxygen, so that
the oxide semiconductor is reduced. As a result, the electron
concentration in a portion into which the ions are introduced
is increased, so that conductivity is increased. The amount of
ions introduced may be determined in accordance with the
desired conductivity. The ions may be included in the first
semiconductor layer 304a at 2x10*°/cm® or more.

As the ions having a high reducing property, ions of an
element an oxide of which has a stronger binding force than
indium oxide, such as boron, carbon, phosphorus, silicon,
aluminum, or gallium, may be used. Among them, phos-
phorus and boron are easy to be used because they are used
in a normal semiconductor process.

It is to be noted that the hydrogen is not introduced at the
same time as the introduction of the ions. Thus, it is not
preferable to use a hydride (e.g., diborane (B,H;) or phos-
phine (PH,)) as an ion source. If hydrogen is introduced into
the oxide semiconductor, the electron concentration is
increased; however, the hydrogen moves in the oxide semi-
conductor and causes variation in FET characteristics, which
leads to lower reliability. It is desirable that the hydrogen
concentration in the ions be 1 at. % or less.

At the time of this ion introduction, ions are introduced
into the second semiconductor layer 303a as well, so that
gallium oxide is also reduced by the ions. Thus, regions
having high conductivity 3035 and 303¢ are formed in the
second semiconductor layer 303a.

Here, if the thickness of the second semiconductor layer
303a (that is, the thickness of the second oxide semicon-
ductor film 303) is too small, electric resistance cannot be
reduced sufficiently even when the conductivity of the
second semiconductor layer 303a is high. Therefore, the
thickness of the second semiconductor layer 303a is pref-
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erably set to an appropriate thickness. The concentration of
ions introduced into the second semiconductor layer 303a is
preferably higher than that of ions introduced into the first
semiconductor layer 304a to form a degenerated semicon-
ductor. For example, ions may be included in the second
semiconductor layer 303a at 5x10*°/cm® or more.

Next, for example, a protective insulating film 308 is
formed by a plasma CVD method or the like using silicon
nitride or the like to have a thickness of more than or equal
to 200 nm and less than or equal to 1 pum. Here, the
protective insulating film 308 may be a film that gives such
a stress as to compress the first semiconductor layer 304a.
With this stress, the first semiconductor layer is compressed
and the distance between indium atoms in indium oxide can
be shortened. As a result, a transport property of the first
semiconductor layer (typically, field effect mobility) is
improved.

Further, silicon oxide or the like is deposited to a thick-
ness of more than or equal to 200 nm and less than or equal
to 2 um, and planarized by chemical mechanical polishing to
obtain an interlayer insulator 309 having a flat surface.
Further, the interlayer insulator 309, the protective insulat-
ing film 308, and the insulating layer 305a are etched to form
opening reaching the first semiconductor layer 304a or the
second semiconductor layer 303a. Then, a conductive layer
310a and a conductive layer 3106 are formed to fill the
openings (see FIG. 6D).

As described above, since the first semiconductor layer
304a is 1 nm thick, the openings may penetrate through the
first semiconductor layer 304a due to overetching. However,
since the conductivity of the second semiconductor layer
303a is enough even in such a case, the conductive layers
310a and 3105 function as electrodes of the FET. In other
words, current flows through the following route: the con-
ductive layer 310a, the region having high conductivity
3035 in the second semiconductor layer, the first semicon-
ductor layer 304a, the region having high conductivity 303¢
of the second semiconductor layer, and the conductive layer
3105.

Also for the purpose of preventing overetching of the
second semiconductor layer 3034, the second semiconductor
layer 303a¢ preferably has an appropriate thickness.
Although the second semiconductor layer 303a has a thick-
ness of 50 nm in this embodiment, the thickness of the
second semiconductor layer 303q is preferable as long as it
is 30 nm or more.

Embodiment 4

The semiconductor devices described in Embodiments 1
to 3 can be used in a variety of electronic devices. For
example, they can be used in display devices such as liquid
crystal displays, EL displays, and FE (field emission) dis-
plays; driver circuits of such display devices; driver circuits
of image sensors; semiconductor memories; microproces-
sors; and the like. Further, the semiconductor devices
described in Embodiments 1 to 3 can be used in a variety of
electronic devices including any of such display devices, for
example in television devices, personal computers, commu-
nication devices such as mobile phones, electronic note-
books, and portable music players.

EXPLANATION OF REFERENCE

1: first semiconductor layer, 2: second semiconductor layer,
2a: second semiconductor layer, 25: third semiconductor
layer, 3a: first electrode, 3b: second electrode, 4: insulat-
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ing film, 5: conductive layer, 6: insulating film, 7a: doped
region, 7b: doped region, 8a: doped region, 85: doped
region, 11: semiconductor layer, 13a: source electrode,
1354: drain electrode, 14: gate insulating film, 15: gate, 16:
protective insulating film, 101: substrate, 102: conductive
layer, 103: insulating film, 104: first oxide semiconductor
film, 104a: first semiconductor layer, 105: second semi-
conductor layer, 106: conductive film, 106a: conductive
layer, 1065: conductive layer, 107: oxide insulating film,
201: substrate, 202: conductive film, 202a: conductive
layer, 202b: conductive layer, 203: insulating film, 203a:
insulating layer, 2034: insulating layer, 204: first oxide
semiconductor film, 204a: first semiconductor layer,
204b: first semiconductor layer, 205: second oxide semi-
conductor film, 205a: second semiconductor layer, 2055:
second semiconductor layer, 206: oxide insulating film,
206a: oxide insulating layer, 2065: oxide insulating layer,
207: resist mask, 207a: resist mask, 208: interlayer insu-
lator, 2094: conductive layer, 2095: conductive layer, 301:
substrate, 302: oxide insulating film, 303: second oxide
semiconductor film, 303a: second semiconductor layer,
3035: region having high conductivity, 303¢: region hav-
ing high conductivity, 304: first oxide semiconductor film,
304a: first semiconductor layer, 305: insulating film,
305q: insulating layer, 306: insulator, 307: conductive
layer, 308: protective insulating film, 309: interlayer insu-
lator, 310a: conductive layer, 3105: conductive layer.

This application is based on Japanese Patent Application

serial no. 2010-136705 filed with Japan Patent Office on Jun.
16, 2010, the entire contents of which are hereby incorpo-
rated by reference.

The invention claimed is:

1. A field effect transistor comprising:

a first semiconductor layer including a first oxide semi-
conductor;

a second semiconductor layer including a second oxide
semiconductor and being in contact with a first surface
of the first semiconductor layer;

a third semiconductor layer including a third oxide semi-
conductor and being in contact with a second surface of
the first semiconductor layer; and

a source electrode and a drain electrode which are in
contact with the first surface of the first semiconductor
layer,

wherein a side surface of each of the source electrode and
the drain electrode is in contact with the second semi-
conductor layer, and

wherein a bandgap of each of the second oxide semicon-
ductor and the third oxide semiconductor is wider than
a bandgap of the first oxide semiconductor.

2. The field effect transistor according to claim 1,

wherein the first oxide semiconductor comprises at least
indium, and

wherein a percentage of indium to all elements having an
atomic number of 11 or more is 50 at. % or more in the
first oxide semiconductor.

3. The field effect transistor according to claim 1,

wherein each of the second oxide semiconductor and the
third oxide semiconductor comprises at least gallium,
and

wherein a percentage of gallium to all elements having an
atomic number of 11 or more is 50 at. % or more in
each of the second oxide semiconductor and the third
oxide semiconductor.

4. The field effect transistor according to claim 1, wherein

each of the second oxide semiconductor and the third oxide
semiconductor is an i-type oxide semiconductor.
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5. The field effect transistor according to claim 1, wherein
the bandgap each of the second oxide semiconductor and the
third oxide semiconductor is 6 eV or less.

6. The field effect transistor according to claim 1, further
comprising:

a conductive layer adjacent to the third semiconductor

layer; and

an insulating film between the conductive layer and the
third semiconductor layer.

7. A field effect transistor comprising:

a first semiconductor layer including a first oxide semi-
conductor;

a second semiconductor layer including a second oxide
semiconductor and being in contact with a first surface
of the first semiconductor layer;

a third semiconductor layer including a third oxide semi-
conductor and being in contact with a second surface of
the first semiconductor layer; and

a source electrode and a drain electrode which are in
contact with the first surface of the first semiconductor
layer,

wherein a side surface of each of the source electrode and
the drain electrode is in contact with the second semi-
conductor layer,

wherein a bandgap of each of the second oxide semicon-
ductor and the third oxide semiconductor is wider than
a bandgap of the first oxide semiconductor,

wherein each of the second oxide semiconductor and the
third oxide semiconductor comprises at least gallium
and indium, and

wherein a percentage of gallium to all elements other than
oxygen is 80 at. % or more in each of the second oxide
semiconductor and the third oxide semiconductor.

8. The field effect transistor according to claim 7,

wherein the first oxide semiconductor comprises at least
indium, and

wherein a percentage of indium to all elements having an
atomic number of 11 or more is 50 at. % or more in the
first oxide semiconductor.

9. The field effect transistor according to claim 7, wherein
each of the second oxide semiconductor and the third oxide
semiconductor is an i-type oxide semiconductor.

10. The field effect transistor according to claim 7,
wherein the bandgap each of the second oxide semiconduc-
tor and the third oxide semiconductor is 6 €V or less.

11. The field effect transistor according to claim 7, further
comprising:

a conductive layer adjacent to the third semiconductor

layer; and

an insulating film between the conductive layer and the
third semiconductor layer.

12. A field effect transistor comprising:

a first semiconductor layer including a first oxide semi-
conductor;
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a second semiconductor layer including a second oxide
semiconductor and being in contact with a first surface
of the first semiconductor layer;

a third semiconductor layer including a third oxide semi-
conductor and being in contact with a second surface of
the first semiconductor layer; and

a source electrode and a drain electrode which are in
contact with the first surface of the first semiconductor
layer,

wherein a side surface of each of the source electrode and
the drain electrode is in contact with the second semi-
conductor layer,

wherein a bandgap of each of the second oxide semicon-
ductor and the third oxide semiconductor is wider than
a bandgap of the first oxide semiconductor,

wherein an energy difference between a vacuum level of
the second oxide semiconductor and a Fermi level of
the second oxide semiconductor is larger than an
energy difference between a vacuum level of the first
oxide semiconductor and a Fermi level of the first oxide
semiconductor, and

wherein an energy difference between a vacuum level of
the third oxide semiconductor and a Fermi level of the
third oxide semiconductor is larger than the energy
difference between the vacuum level of the first oxide
semiconductor and the Fermi level of the first oxide
semiconductor.

13. The field effect transistor according to claim 12,

wherein the first oxide semiconductor comprises at least
indium, and

wherein a percentage of indium to all elements having an
atomic number of 11 or more is 50 at. % or more in the
first oxide semiconductor.

14. The field effect transistor according to claim 12,

wherein each of the second oxide semiconductor and the
third oxide semiconductor comprises at least gallium,
and

wherein a percentage of gallium to all elements having an
atomic number of 11 or more is 50 at. % or more in
each of the second oxide semiconductor and the third
oxide semiconductor.

15. The field effect transistor according to claim 12,
wherein each of the second oxide semiconductor and the
third oxide semiconductor is an i-type oxide semiconductor.

16. The field effect transistor according to claim 12,
wherein the bandgap each of the second oxide semiconduc-
tor and the third oxide semiconductor is 6 eV or less.

17. The field effect transistor according to claim 12,
further comprising:

a conductive layer adjacent to the third semiconductor

layer; and

an insulating film between the conductive layer and the
third semiconductor layer.

#* #* #* #* #*



